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Introduction 30
Membrane compartmentalization is of central importance for a variety of biological 31 functions at multiple scales, from sub-cellular structures to multi-cellular organisms. Processes 32 such as cell polarization, protein and lipid sorting within sub-cellular organelles or cell and 33 tissue morphogenesis depend on the emergence of patterns (Turing, 1952; Halatek et al., 2018) . 34
In Caenorhabditis elegans, symmetry breaking of the plasma membrane is caused by PAR 35 proteins that sort into distinct anterior and posterior cortical domains and generate cell polarity 36 (Kemphues et al., 1988 , Motegi & Seydoux, 2013 . In budding yeast, the site of bud formation 37 is marked by a single, discrete domain of Cdc42 on the plasma membrane (PM) ( translationally modified by lipid chains which allow them to associate with membranes (Wang 50 and Casey 2016). The inactive GTPase forms a high-affinity complex with guanine dissociation 51 inhibitor (GDI), regulating membrane cycling (Sasaki et al. 1990 ; Ghomashchi et al. 1995; 52 Cherfils and Zeghouf 2013). Nucleotide exchange prevents interaction with GDI and targets 53 the GTPase to the membrane, where it can recruit effector proteins and mediate downstream 54 activities (Wu et al. 2010; Langemeyer et al. 2018) . Upon hydrolysis of GTP to GDP the 55 GTPase is once again available for extraction from the membrane by GDI (Rak et al. 2004 ; 56 Ghomashchi et al. 1995; Pylypenko et al. 2006) . 57
It has been proposed that small GTPase patterning can arise from the coupling of GEF activity 58 and effector binding (Horiuchi et al. 1997; Zerial and McBride, 2001) . In this way, an active 59 GTPase can recruit its own GEF, creating a local, positive feedback loop of GTPase activation 60 and membrane recruitment. In general, self-organizing systems that form spatial patterns on 61 Lambright 2007; Lauer et al., 2019) . Rabaptin5 is a 99kDa protein with multiple protein-protein 76 interaction sites that colocalizes with Rab5 on EE and is essential for endosome fusion 77 (Stenmark et al. 1995; Horiuchi et al. 1997 ). Due to the dimerization of Rabaptin5, the complex 78 is a tetramer (Lauer et al., 2019) . The interaction with Rabaptin5 has been shown to increase 79 can be recruited to EE via binding to Ubiquitin via two distinct Ubiquitin binding domains near 84 the N-terminus (Penengo et al., 2008) . Interestingly, Ubiquitin binding enhances GEF activity 85 toward Rab5 helping to initiate the positive feedback loop on endosomes carrying ubiquitinated 86 cargo (Lauer et al., 2019) . Blümer et al. (2013) observed that artificially targeting Rabex5 to 87 mitochondria resulted in Rab5 recruitment to these organelles, suggesting that Rabex5 can be 88 sufficient for localizing Rab5 to a membrane compartment. Rab5 associates with the membrane 89 by two 20-carbon geranylgeranyl chains attached at the C-terminus of the protein (Farnsworth 90 et al. 1994) . Molecular dynamics simulations showed that both cholesterol and PI(3)P 91 accumulate in the vicinity of Rab5, and predicted a direct interaction with PI(3)P mediated by 92 an Arg located in the flexible hypervariable region (HVR) between the C-terminal lipidation 93 and the conserved GTPase domain (Edler et al. 2017) . 94
Elucidating the precise mechanisms of self-organization of peripheral membrane proteins is 95 critical to understanding endomembrane identity and functionality. We hypothesize that, 96 similar to what has been observed for Cdc42 in silico, Rab5, Rabex5/Rabaptin5 and GDI 97 comprise a minimal system that is capable of spatially organizing Rab5. We made use of in 98 vitro reconstitution to test this hypothesis and elucidate the contributions of individual 99 components to membrane association and organization. Our biochemical reconstitution system 100 allowed for in-depth study of the biochemical interactions underlying the self-organization of 101
Rab5 and its interacting molecules on the membrane. In this way, we could monitor structural rearrangement occurring in the early stages of the 112 nucleotide exchange reaction. Focusing first on Rab5, we could see evidence of nucleotide 113 exchange from the dramatic stabilization of Val24-Leu38, Leu130-Leu137 and Met160-114
Met168, encompassing the P-loop and parts of 5, α4 and 6 (Figure 1 B: dark blue), which, 115 together, make up most of the direct interaction sites with GTP. In addition, we saw stabilization 116 of Gln60-Phe71, parts of 2 and 3 (sky blue and pale green), consistent with the binding of 117
Rabaptin5 (Zhu et al., 2004) . Indication of binding to Rabaptin5 was observed after only 1 118 minute of reaction, thus providing evidence of a direct hand-off of active Rab5 from the Rabex5 119 catalytic domain to Rabaptin5 (See Figure 1 C). Interestingly, we also saw a destabilization of 120 Ile177-Asp200, α5 (yellow), suggesting a structural rearrangement of the C-terminal HVR. 121 peptide showing statistically significant alterations in deuterium uptake is assigned a value for 124 the percent alteration. We saw stabilization in both of the regions known to bind Rab5, thus 125 providing further evidence of Rab5 binding to Rabaptin5 after the nucleotide exchange reaction. 126
This provides a putative structural mechanism for positive feedback loop formation and the 127 need to couple GEF and effector activities. Next, we set out to test the hypothesis that such 128 positive feedback is sufficient to induce the recruitment and localized accumulation of 129 membrane-bound Rab5. 130
Reconstituting Rab5 domain formation in vitro 131
To reconstitute Rab5 membrane recruitment and organization, we developed an in vitro system 132 consisting of recombinant proteins and synthetic membranes. The lipid composition of the 133 synthetic membrane was chosen based on the lipid composition of an enriched early endosomal 134 fraction from HeLa cells characterized by mass spectrometry in a previous study (Perini, 2012) . 135
Lipids constituting over 1mol% of this lipid composition were utilized (EE, See Table S1 ). In 136 order to test a wide number of experimental conditions, we designed the following workflow: 
Rabex5/Rabaptin5 is essential for Rab5 domain formation in vitro 173
In order to understand the mechanisms by which Rab5 domains form, we dissected the 174 contribution of each component of our reconstituted system. GDI delivers and extracts Rab5, 175 as seen in Figure 2 , and is essential for domain formation. We observed that, similar to GDI, 176
Rab5 domain formation requires Rabex5/Rabaptin5 in a concentration-dependent manner (see 177 Table S1 ). Investigation of the contribution of 214 cholesterol in the EE-like lipid composition was not possible in this system as membrane 215 integrity was greatly compromised without cholesterol (data not shown). 216
In order to determine whether these interactions have an effect on domain formation, the same 217
MCBs were incubated with Rab5/GDI, Rabex5/Rabaptin5, GDI and GTP. Strikingly, domain 218 formation was most efficient on EE-MCBs with 1mol% PI(3)P, less efficient on EE-MCBs 219 with 0mol% PI(3)P and completely abolished on PC/PS membranes regardless of PI(3)P 220 content (see Figure 6 and Table 3 which summarizes the conditions shown in Figure 6 ). endosomes, suggesting a hitherto unknown cooperativity between lipids and Rab-dependent 244 membrane self-organization. 245
Self-organizing systems that form spatial patterns on membranes often depend on non-linear 246 dynamics (Halatek et al., 2018 ). In our system, a key feature is the membrane recruitment and 247 activation of Rab5, regulated by the Rabex5/Rabaptin5 complex. Neither GEF activity nor 248 effector binding alone were capable of supporting domain formation unless physically coupled 249 in a complex. We found that, in the course of nucleotide exchange, newly activated Rab5 is 250 released from Rabex5 and immediately binds Rabaptin5 suggesting there is a direct delivery or 251 "handover" of Rab5 from Rabex5 to Rabaptin5. This "handover" is likely facilitated by the 252 dimerization of the Rabex5/Rabaptin5 complex and presents a structural mechanism by which 253 a positive feedback loop of Rab5 activation could be generated. Other Rab5 GEFs that localize 254 and recruit Rab5 to different intracellular compartments (e.g. GAPVD1 or RIN1 on clathrin-255 coated vesicles and the plasma membrane; Tall with respect to Rab5:GDP, that not only exposes the effector binding site but also suggests that 278
Rab5 makes different membrane contacts depending on its nucleotide state. Further molecular 279 dynamics simulations showed that this nucleotide state-dependent orientation, as well as correct 280 insertion of the geranylgeranyl anchors into the lipid bilayer, is only supported by an EE-like 281 membrane, containing PI(3)P, cholesterol, and charged lipids (Edler and Stein 2017a; 282
Münzberg and Stein, 2019). We suggest that the EE lipid composition supports Rab5 domain 283 formation in our in vitro system through a combination of 1) direct interactions between Rab5 284 and PI(3)P, 2) cholesterol stabilizing the geranylgeranyl anchor insertions and 3) the presence 285 of charged lipids allowing for interactions between Rab5 and lipid headgroups that support the 286 nucleotide-dependent orientation of Rab5 relative to the membrane. Unfortunately, technical 287 limitations did not allow us to investigate domain formation on membranes that lack lipids from 288 the EE composition (e.g. cholesterol, sphingomyelin, GM3 or charged lipids) as MCBs became 289 unstable with these lipid compositions. 290
The non-linearity of the nucleotide cycle coupled to specific lipid interactions make small 291 GTPases widespread regulators of membrane self-organization. K-Ras for example, has long 292 been known to cluster and alter the local lipid environment, e.g. by forming nanoclusters of 293 PI(4,5)P2 on the PM (Zhou et al. 2017 ). However, with the same design, different GTPase 294 systems can form one (e.g. Cdc42) or multiple domains (e.g. ROP11, Rab5). Our in vitro system 295 recapitulates the formation of multiple Rab5 domains on the same membrane. In the 296 intensity we could observe two phases in domain growth, an initial phase characterized by rapid 305 increase in GFP signal intensity over time, and a second phase characterized by slow increase 306 or even saturation in signal intensity. We suggest that fast growth is dominated by 307 reorganization of the local lipid environment and rapid recruitment of proteins from solution. 308
Upon depletion of the critical components from the local membrane, domains stabilize and 309 reach a second, slow-growing or saturated phase. We suggest that in this phase, domains reach 310 dynamic equilibrium where domain size has stabilized but the domain continues to exchange 311 proteins with the soluble pool, as suggested by the observation that domains recover in the same 312 location after photobleaching. It may therefore be the interaction with the lipid membrane that 313 stabilizes and determines the size of the domains obtained in our system. Further, it is apparent 314 during purification that recombinant Rab5 dimerizes at high concentrations and this [DiIC18(5); 1,1'-dioctadecyl-3,3,3',3'-tetramethylindodicar-bocyanine, 4-387
chlorobenzenesulfonate salt] (13.8:6.1:6.8:12.6:32.3:12.9:3.6:9:1:0.1) (See Table S1 
Hydrogen Deuterium Exchange-Mass Spectrometry (HDX-MS) 448
HDX-MS was performed essentially as previously described ( 
